Since the protective effects of 16, 16-dimethyl prostaglandin E2 on carbon tetrachloride-induced liver necrosis were reported by Stachura and colleagues in 1981,1 many investigators have demonstrated the potency of prostaglandins, such as prostaglandin E1 (PGE 1 ) and prostaglandin 12 (PGI 2 ) , against liver injury induced by ischemia,2-7 preservation,8.9 and various toxinslO,11 in experimental studies. On the other hand, since Abecassis and coworkers showed the beneficial effects of PGE 1 on acute or subacute fulminant viral hepatitis in clinical studies for the first time in 1987,12 PGE 1 has been used clinically in cases of liver transplantation, and its potency has been reported by some investigators. 13 ,14 However, the use of prostaglandin in clinical settings has been limited because of drug-related side effects, such as diarrhea, emesis, and hypotension, 15, 16 and its short duration of action. 17 ,IS Specifically, an unstable blood pressure caused by prostaglandin could lead to a critical situation at reperfusion after ischemia in liver transplantation. Therefore, it is difficult to administer enough prostaglandin to exert its effects. Indeed, some clinical reports showed that PGE I did not have any beneficial effects on the incidence of primary graft nonfunction,19 rejection,20 or renal dysfunction 20 . 2 ! in recipients after liver transplantation.
Misoprostol, which is a structurally changed an-alogue from natural occurring PGEl' enables us to overcome these problems. In this compound, typical prostaglandin side-effects, such as rhinorrhea, emesis, and diarrhea, are diminished, and undesirable actions on the cardiovascular system are also minimized. 22 Besides, the active duration of misoprostol, whose half life is more than 30 minutes,23 is longer than that of natural PGE 1 • Also, the effects of OP-41483, a PGI 2 analogue, on anti-platelet aggregation and vasodilation are half and a tenth as potent as natural occurring PGI 2 , respectively. 24 The aim of this study is to determine whether these two kinds of prostaglandin analogues, misoprostol and OP-41483, attenuate hepatic warm ischemia and reperfusion injury, and to investigate usefulness of these drugs in clinical liver transplantation.
METHODS

Animals
Thirty adult female beagle dogs, weighing 8 to 12 kg, were used for this study. The experiment was performed with the approval of the Animal Care and Use Committee of the University of Pittsburgh, and was managed in accordance with guidelines issued by the National Institutes of Health and the Public Health Service Policy on the humane use and care of laboratory animals. The animals were fasted overnight but had free access to water before the experiments. After intravenous administration of thiopentalsodium (25 mg/kg; Abbott Laboratories, North Chicago, IL), dogs were intubated and maintained with a mixture of oxygen (2 Llmin), nitrous oxide (2 Llmin) and isoflurane (1.0%) by positive pressure mechanical ventilation. The right carotid artery and the right jugular vein were cannulated for monitoring of arterial blood pressure and for serial blood sampling. An electrolyte solution (Plasmalyte, Baxter, Deerfield, IL) was continuously infused into the animals at a rate of 20 mLlkg/h. Electrocardiogram, arterial blood gas, electrolytes, and esophageal temperature were monitored throughout the operation.
Operative procedure
After midline laparotomy, the liver was completely skeletonized by dissecting all of the suspensory ligaments and retrohepatic vena cava. Total hepatic vascular exclusion was initiated by crossclamping the portal vein, hepatic artery, and infraand supra-hepatic inferior vena cava. Pump-driven venovenous bypass (Biomedicus 520D, Minetonka, MN) was used to decompress the splanchnic venous bed and infrahepatic inferior vena cava. 25 ,26 The bypass circuit connected the left femoral vein and splenic vein to the left jugular vein. The animals were given heparin (50 U/kg) 5 minutes before the initiation of ischemia. At the end of the two-hour ischemic period, the clamps were removed, bypass was stopped, and a splenectomy was performed. Mter ensuring adequate hemostasis, the abdomen was rinsed with warm saline and closed. Cefamandole (Mandol 1 g; Lilly, Firenze, Italy) was given intraoperatively and continued daily for 3 postoperative days. Animals were allowed to eat and drink the next morning, and followed for 2 weeks postoperatively.
Experimental groups
Misoprostol, a PGE 1 analogue, and OP-41483, a PGI 2 analogue, were supplied by Searle (Skokie, IL) and Ono Pharmaceutical Co. Ltd. (Osaka, Japan), respectively. Misoprostol was administered by continuous intravenous infusion for 30 minutes before ischemia onset (pre) and from 15 minutes before reperfusion for 3 hours (post). Animals were divided into three groups based on the dosage of misoprostol; the high-dose group (MP-H group, n = 5) receiving 30 JLg/kg (pre) and 70 JLg/kg (post) of misoprostol; the middle-dose group (MP-M group, n = 5) receiving 15 JLg/kg (pre) and 35 JLg/kg (post); and the low-dose group (MP-L group, n = 5) receiving 7.5 JLg/kg (pre) and 17.5 JLg/kg (post). In an OP-41483 administered group (OP group; n = 5), animals received 2 JLg/kg/min OP-41483 for 30 minutes before ischemia and from 30 minutes before reperfusion 0.5 JLg/kg/min for 3 hours intraportally. Animals not receiving any study drugs were used as controls (control group, n = 10).
Determinations
Two-week animal survival, hepatic tissue blood flow (HTBF), liver function tests, tissue biochemistry, and histologic assessments were used to evaluate the efficacy of the treatment in this study.
Serial measurements of HTBF were performed intraoperatively using a laser Doppler flowmeter (Advance Laser Flowmeter, ALF21 , Advance Company, Ltd., Tokyo, Japan). The probe was placed on three lobes of the liver until a stable flow value was obtained. To avoid a misreading in HTBF measurements related to respiratory motion, the ventilation was always stopped briefly. The mean of three values was used as representative value and was expressed as a percentage of the value of the preischemic level.
Peripheral venous blood samples were collected serially for determination ofliver enzymes, including aspartate aminotransferase (AST) , alanine amino-Attenuation of Ischemic Liver Injury J Am Call Surg transferase (ALT) and lactate dehydrogenase (LDH), by a Technicon RA500 autoanalyzer (Bayer, Tarrytown, NY). Serum total bile acid (TBA) was measured by the enzymatic fluorimetric method using the Sterongnost-alpha Flu Kit (Nyegaad, Oslo, Norway). 27 Wedge biopsies from the liver were repeated before ischemia, 1 hour and 2 hours after the onset of ischemia, and 15 and 60 minutes after reperfusion. 29 A small portion of each tissue sample taken for tissue biochemistry was fixed in buffered formalin, paraffin-embedded and stained with hematoxylineosin. The specimens were examined by a single pathologist without knowledge of the groups and the timing of tissue sampling. Histologic assessment was semiquantitatively performed based on the degree of sinusoidal congestion, ischemic hepatocyte injury, and hepatocyte necrosis, which was expressed as none = 0, mild = 1, moderate = 2, and severe = 3.
The number of neutrophils that had infiltrated into the tissue was counted after Leder's staining, 30 and expressed as that number per 1,000 hepatocyte nuclei.
Statistical analysis
The values were expressed as means ± SEM. Animal survival was determined using the Fisher's exact probability test. The comparison of statistical significance was performed according to analysis of variance (ANOYA) analysis for unpaired data; differences at p < 0.05 were considered to be statistically significant.
RESULTS
Clinical observation
Preischemic administration of high dose misoprostol triggered severe hypotension and bradycardia, in contrast to the treatments with middle and low dose of misoprostal and OP-41483, which caused only transient and mild hypotension (Fig. 1) . These hemodynamics in the MP-H group continued even after introduction of liver ischemia; systolic arterial pressure and heart rate remained below 75 and 70%, respectively, of the initial level during ischemia. After reperfusion, blood pressure markedly decreased in the control and MP-H groups, while hypotension in the MP-M, MP-L, and OP groups was slight. Heart rate was stable after reperfusion in the control, MP-M, MP-L, and OP groups, but in the MP-H group it remained bradycardic even after reperfusion. No vasopressor was administered, and atropine was used for bradycardia of 50 beat/min or less.
Neither complications related to bypass, such as systemic thrombosis and intestinal congestion, nor bleeding tendency caused by misoprostol and OP-41483 could be found during and after ischemia.
Immediately after reperfusion, all livers in the control group and one out of five livers in the MP-L group developed swelling, congestion, and an extensive hypo perfused area, which lasted for 30 to 60 minutes. The livers in the MP-H group, at first, showed fair revascularization without swelling after reperfusion, but notable congestion appeared after 30 minutes. The livers in all MP-M, four MP-L, and all OP animals, by contrast, showed smooth revascularization and a remarkably limited hypoperfused area.
After operation, a dry or moist rale was ausculated on the lung field of the MP-H dogs. Postoperative arterial blood gas analysis showed pulmonary failure only in the high dose misoprostol administered animals (Table 1) . At 6 hours after reperfusion, pressure of arterial carbon dioxide (PaC0 2 ) in the MP-H group was significantly higher than that in the other four groups. Likewise, pulmonary oxygenation was suppressed only in the MP-H group.
Animal survival
Survival after surgery is summarized in Fig. 2 . Two hours of warm liver ischemia was poorly tolerated by the untreated control group, in which six dogs died within 24 hours, and one on postoperative day 10 from liver failure. Two dogs in the MP-H group and one dog in the MP-L group died within 24 hours of reperfusion. In the MP-M and OP
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u .... Hepatic tissue blood flow The levels of HTBF after reperfusion were less than 25% of initial value in the control group, around 50% in the misoprostol-treated groups, and around 60% in the OP-41483-treated group (Fig .   Table 1 . Arterial Blood Gas Analysis 6 Hours After Reperfusion (Mean ± SEM) 3). There were significant differences between the control and study groups in all postischemic measurements.
Liver function test
Serum AST, ALT and LDH increased sharply after reperfusion in all the groups, while the elevations of liver enzymes in the low dose misoprostol group were significantly suppressed during the early phase of reperfusion (Fig. 4, Table 2 ). These values in the control and MP-H groups progressively increased and reached peak levels at 12 hours after reperfusion. By contrast, treatment with middle and low dose misoprostol, and OP-41483 significantly inhibited these elevations, although one MP-L animal that died within 24 hours after surgery showed high levels of liver enzymes.
Serum TBA values increased in all animals after reperfusion ( Table 2 ). In the control group, the value progressively increased, while those in the MP-H, MP-M, MP-L, and op groups began to decrease 3 hours after reperfusion. There were significant differences between the control group and the treated groups at 6, 12, and 24 hours after reperfusion.
Liver tissue biochemistry Changes in adenine nucleotides and purine catabolites in liver tissue at the end of ischemia and after reperfusion are summarized in Table 3 . Two hours of hepatic vascular exclusion in the control animals induced a 54.5% decrease in total adenine nucleotide (TAN) and an 840% increase in purine catabolites, compared with preischemic values. In particular, the ischemia caused >90% reduction in ATp, and> 1,000% production ofHX and XA. Misoprostol and OP-41483 treatments retarded the degradation of adenine nucleotides to purine catabolites during ischemia, especially in the MP-H and OP groups. While resynthesis of ATP was suppressed after reperfusion in control livers, prompt increases in ATP levels were seen with treated livers, especially in the MP-L and OP groups. Likewise, the levels of tissue purine catabolites in the treated livers were significantly lower than those in the control livers after reperfusion. At 60 minutes after reperfusion, however, ATP levels in the MP-H livers were not different from those in control livers. Concerning changes in hepatic energy charge (EC), no significant differences were found among all the groups.
Histopathology
Histopathologic examination showed no differences between control and misoprostol-treated groups at the end of ischemia. After reperfusion, the control livers developed sinusoidal congestion and derangement, ballooning, bridging hepatocyte necrosis, and endothelial cell detachment. According to the histologic score, it was demonstrated that treatment with middle and low dose misoprostol, and OP-41483 significantly alleviated these structural abnormalities ( Table 4 ). The high dose-treated liver showed almost the same sinusoidal congestion and parenchymal injury as those of the control group, even though parenchymal necrosis was rarely seen in the MP-H livers. The numbers of neutrophils infiltrated into postischemic livers 60 minutes after reperfusion in the MP-H and OP groups were significantly less than that in control group. (Table 4) .
DISCUSSION
In this study, we demonstrated that two kinds of prostaglandin analogues, misoprostol and OP-41483, lessened microcirculatory disturbance, atten- uated liver injury, and improved animal survival after reperfusion following 2 hours of hepatic warm ischemia. In addition, these prostaglandins inhibited adenine nucleotide degradation in ischemic tissues, enhanced ATP resynthesis, and improved histopathologic findings. Prostaglandins, including PGEl and PGl z , are said to have a wide range of effects against liver injury by ischemia and reperfusion. This potency is based on the ability of prostaglandin to activate adenylate cyclase. 31 ,32 Intracellular cyclic adenosine 3', 5' monophosphate (cyclic AMP), which is increased by adenylate cyclase, acts as a second messenger of prostaglandin on hepatocytes, vascular smooth muscles, platelets, and neutrophils.
In hepatocytes, cyclic AMP is well known to produce an efflux of calcium. 33 This effect leads to an attenuation of hepatocyte injury during and after liver ischemia. Liver ischemia causes the progressive degradation of adenine nucleotides, resulting in the production of purine catabolites. 34 Harvey and associates demonstrated that hepatocyte injury began during ischemia. 35 Their study showed that the level of tissue malondialdehyde as well as hypoxanthine and xanthine significantly increased 2 hours after hepatic warm preservation. This result indicates that some lipid peroxidation by the xanthine oxidase system,36 which causes direct cellular injury, occurred not only after but also before reperfusion. Likewise, depletion of the tissue stores of ATP results in an accumulation of intracellular calcium. This accumulating calcium activates calcium-dependent ATP-ase, leading to a further depletion of tissue stores of ATp'37 Intracellular accumulated calcium activates proteolytic enzyme systems, which causes additional hepatocellular injury at the same time as that caused by lipid peroxidation from the xanthine oxidase system. 38 Cyclic AMp, which produces an efflux of calcium accumulated intracellularly by ischemia and ATP depletion, prevents the intracellular buildup of ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATI~ adenosine triphosphate; Ee, energy charge; HX, hypoxanthine; MP-H, high-dose misoprostal; MP-L, low-dose misoprostal; MP-M, medium-dose misoprostal; Or, proS{aglandin 12 analogue 01'-41483; TAN, total adenine nucleotide; XA, xanthine.
calcium and consumption of ATp, resulting in the stabilization of the hepatocellular membrane, and in an intracellular adenine nucleotide preservation that prevents activation of the xanthine oxidase system. In the present study, degradation of adenine nucleotides and elevation of purine cat abo lites after two hours of ischemia were retarded by misoprostol and op-41483 treatments. These results suggest that these prostaglandin analogues attenuated liver injury during ischemia and immediately after reperfusion.
After reperfusion, hepatic tissue blood flow was markedly improved in the misoprostol and op-41483 treated groups. This observation agrees with previous reports; an improvement was made in the hepatic microcirculatory system by vasodilatory effect and anti platelet action of prostaglandin after Many investigators demonstrated that prostaglandin has antiinflammatory potency. At the initial phase of reperfusion after liver ischemia, activated Kupffer cells release the inflammatory mediators such as tumor necrosis factor or interleukin-I. 44 Neutrophils, which are activated by these mediators or activated endothelial cells,45 infiltrate the liver tissue and produce reactive oxygen species by means of the NADPH oxidase system, resulting in the progression of the liver injury.46 This injury urges platelets into an activation, causing aggregation and further activationY As a result, microcirculatory failure of the liver has occurred throughout these processes. On the other hand, cyclic AMp, which is increased by prostaglandin in neutrophils, inhibits intracellular calcium elevation and activation of protein kinase C, resulting in direct suppression of neutrophil adhesion, lysosomal enzyme release, and NADPH oxidase system. 48 Since prostaglandin E2 was reported to inhibit the release of inflammatory mediators from activated Kupffer cells by elevating intracellular cyclic AMp,49 prostaglandin may block the activation of neutrophils induced by the mediators indirectly. In this study, high doses of misoprostol and OP-41483 significantly inhibited the infiltration of neutrophils 60 minutes after reperfusion. Although the numbers of neutrophils in the MP-M and MP-L livers were not different from those in control livers, the elevation ofliver enzyme release was markedly suppressed in both the MP-M and MP-L groups as well as in the OP group compared with the control group for 3 hours after reperfusion. The values of TBA, which reflect hepatic circulation and hepatocyte function more sensitively than the standard liver function tests, 50 were sustained at low levels in these three groups. These results suggest that the misoprostol and OP-41483 treatments could protect the liver from progressive damage by neutrophils after reperfusion.
In this study, we made three misoprostol-treated groups depending on the drug dosage, because the potency and optimal dose of misoprostol against liver injury has not yet been determined. Dosages of misoprostolused were based on a previous report. Using a model of 90 minutes partial liver ischemia in rats, Lim and associates 51 showed that both two-dose treatments of 25 mg/kg misoprostal before ischemia and before reperfusion, and a single dose treatment of 25 mg/kg misoprostol before ischemia were effective in attenuating ischemia and reperfusion injury. We tried three dosages: total IOO, 50, and 25 mg/kg misoprostol, and we divided the drug administration between before and after hepatic ischemia in the ratio of seven to three. To avoid sudden changes in cardiovascular system caused by a bolus injection, the drug was administered by continuous intravenous infusion. We found that the high dose misoprostol treatment partially protected the liver against ischemic injury, but produced an unstable cardiovascular system and pulmonary dysfunction that would have an adverse influence on liver function. We considered that this adverse effect was due to not only vasodilation but also vagal reflexes caused by high-dose misoprostol administration. Previously, two clinical cases were reported in which cardiac arrest occurred after severe hypotension and bradycardia induced by E-type prostaglandin treatment. 52, 51 In experimental study, it was demonstrated that PGI 2 stimulated vagal cardiac c fibers, causing vagal reflexes, such as a decrease in cardiac output and bradycardia. 54 ,55 Therefore, an excessive dose of misoprostol as well as PGI 2 may produce the vagal reflex, although this hypothesis has not been proved. In the present study, severe hypotension and bradycardia were exhibited in the MP-H animals, and this cardiovascular instability must have an adverse influence on the postischemic condition. In this group, sinusoidal congestion and hepatocyte injury developed, probably from low cardiac function after reperfusion, resulting in suppression of ATP resynthesis, even though the inhibition of adenine nucleotide degradation during ischemia and the improvement ofHTBF after reperfusion were induced by treatment with high dose misoprostol. In addition to the liver findings, the high dose misoprostol treatment led to pulmonary failure after the operation. Although histologic examination of the lung was not performed, we conjec-tured that pulmonary edema occurred in the MP-H animals by misoprostol-induced heart failure and dilatation of the pulmonary artery.
Regarding two lower dose misoprostol groups, 2-week animal survival and amelioration of histologic abnormalities in the MP-L group were poorer than those in the MP-M group, although inhibitions of liver enzyme release and bile acid elevation were significant in both groups. This result suggests that the low dose misoprostol treatment had a less desirable effect than the middle dose treatment.
On the other hand, the dose of OP-41483 was based on our previous study. 56 When PGI 2 was administered at a rate of 1 or 2 /Lg/kg/min for 60 minutes via the portal vein before 3 hours warm ischemia of the canine liver, 2 /Lg/kg/min-PGI 2 treatment significantly improved the survival rate and remarkably suppressed the serum liver enzyme elevation, and 1 /Lg/kg/min-PGI 2 showed low effects. In addition to the OP-41483 administration at a rate of2/Lg/g/min for 30 minutes before ischemia, 3 hours infusion of 0.5 /Lg/kg/min OP-41483 from 30 minutes before reperfusion was performed in the present study, because it was considered that the halflife ofOP-41483 is too short to inhibit the actions of platelets and neutrophils after reperfusion. OP-41483 was infused via the portal vein to alleviate the cardiovascular side effects of this drug, because PGI 2 including OP-41483 is not metabolized by the lung but by the liver. 57 In this method of administration, OP-41483 exerted its effects on our hepatic ischemia and reperfusion model with minimal side effects.
In conclusion, treatments with misoprostol, a PGE 1 analogue, and with OP-41483, a PGI 2 analogue, successfully prevented liver damage after 2-hour warm ischemia. Attenuation of adenine nucleotide degradation during ischemia, improvement of liver microcirculation at the early phase of reperfusion, and inhibition of neutrophil activation played an important role in liver protection by these prostaglandin analogues. These prostaglandin analogues should be positive applications to clinical liver transplantation.
